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devices. From a clinical standpoint, it is essential that these materials are produced using non-toxic and 
non-hazardous methods, and have predictable properties and reliable performance under variable 
physiological conditions; especially when used with a cellular component. Here we describe such a 
biomaterial, namely smart graphene-cellulose (G-C) paper, and its suitability for traditional planar two-
dimensional (2D) or three-dimensional (3D) human cell support, verified by adipose-derived stem cell 
(ADSC) culture and osteogenic differentiation. G-C paper is prepared using commercially available 
cellulose tissue paper as a substrate that is coated by immersion-deposition with graphene oxide (GO) 
followed by reduction to reduced graphene oxide (RGO) without the use of toxic organic solvents. The 
fabrication process is amenable to large scale production and the resultant papers have low electrical 
resistivity (up to ∼300 Ω/sq). Importantly, G-C papers can be configured to 3D constructs by lamination 
with alginate and further modified by folding and rolling for 3D "origami-inspired" cell-laden structures. 
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Graphene-based materials represent advanced platforms for tissue engineering and 20 
implantable medical devices. From a clinical standpoint, it is essential that these materials are 21 
produced using non-toxic and non-hazardous methods, and have predictable properties and 22 
reliable performance under variable physiological conditions; especially when used with a 23 
cellular component. Here we describe such a biomaterial, namely smart graphene-cellulose 24 
(G-C) paper, and its suitability for traditional planar two-dimensional (2D) or three-25 
dimensional (3D) human cell support, verified by adipose-derived stem cell (ADSC) culture 26 
and osteogenic differentiation. G-C paper is prepared using commercially available cellulose 27 
tissue paper as a substrate that is coated by immersion-deposition with graphene oxide (GO) 28 
followed by reduction to reduced graphene oxide (RGO) without the use of toxic organic 29 




papers have low electrical resistivity (up to ~300 Ω/sq). Importantly, G-C papers can be 1 
configured to 3D constructs by lamination with alginate and further modified by folding and 2 
rolling for 3D “origami-inspired” cell-laden structures.  3 
 4 
1. Introduction 5 
The intrinsic versatility of graphene [1, 2], with its “smart architecture”, mechanical strength 6 
[3], flexibility [4], and adaptability has underpinned numerous developments in emerging 7 
health and non-health related applications [4-7]. Graphene papers have shown great promise 8 
for tissue engineering [8], batteries [9], thermal management platforms [10], and other 9 
devices [11-15]. For tissue engineering, graphene’s two-dimensional (2D) sheet of bonded 10 
carbon atoms provides abundant π electrons, rendering it electrically conductive and ideal for 11 
electric current delivery via charge injection for “excitable” (eg. neural) or “non-excitable” 12 
(eg. osteogenic) tissue stimulation [16-18]. Furthermore, the presence of oxygen containing 13 
functionalised groups and  aromatic structures enable bioactive molecule attachment to 14 
graphene via hydrogen bonding or π–π stacking [19-21] and graphene can promote (without 15 
additional inducers) osteogenic differentiation of several stem cell types, including human 16 
mesenchymal stem cells [22], ADSCs [23], periodontal ligament stem cells [24], and induced 17 
pluripotent stem cells [25].  18 
Vacuum filtration [7, 8, 26] is the technique most commonly used for graphene-19 
associated paper fabrication, while other methods include chemical vapour deposition (CVD) 20 
[27], dip/spin coating [28], spraying [28] and layer-by-layer (LBL) assembly [29]. Every 21 
method has its own limitation with vacuum filtration being time consuming [26], spraying 22 
requiring expensive equipment, and other methods not amenable for large-scale production 23 
and/or clinical product development. Notwithstanding, production of graphene and cellulose 24 




has the fabrication of graphene-carbon nanotube paper [33]. There remains, however, an 1 
urgent need for simpler, more cost-effective and “greener” approaches towards 2 
manufacturing next-generation graphene related materials that are clinically compliant and 3 
useful [34, 35].  4 
Multipotent ADSCs are an abundant stem cell source being studied and applied for a 5 
diversity of therapeutic applications in regenerative medicine, including tissue engineering 6 
for autologous implantation [36]. Specific cues provided by extracellular matrices or 7 
scaffolds guide ADSCs for osteogenic differentiation, as well as adipogenic, neurogenic, and 8 
chondrogenic cell lineages [37]. Alginate based scaffolds are widely used for ADSC support, 9 
being hydrophilic polymer that has modifiable chemical properties, biocompatibility, and 10 
bioactivity, and are permeable to cell metabolites, oxygen and other essential nutrients [38, 11 
39]. However, the soft nature of hydrogels makes them unsuitable for applications where 12 
substantial support is needed and, while their stiffness can be increased by affecting 13 
parameters such as density of crosslinking, obtaining the desired rigidity while retaining 14 
cytocompatibility is not always achievable.  15 
Here, we describe an efficient method for conductive G-C paper fabrication and 16 
suitability for human cell support, verified by ADSC culture and differentiation for bone 17 
tissue engineering (Fig. 1). Unlike other graphene-associated paper fabrication methods, our 18 
approach is based on simple immersion-deposition to initially coat GO on cellulose tissue 19 
paper with subsequent reduction to RGO, requiring no other materials or specialist equipment. 20 
The RGO layer is uniformly distributed over the cellulose substrate with significant porosity 21 
throughout the structure. Electrical resistance of the paper can be tuned by RGO coating, with 22 
5 layers providing ~300 Ω/sq. The paper provides long-term support of ADSC proliferation 23 
(up to 35 days) and promotes osteogenic differentiation. Finally, papers can be configured to 24 




rolling into “origami-inspired” cuboid and cylindrical structures for 3D cell support and 1 
differentiation [40]. 2 
 3 
2. Materials and methods 4 
2.1. Materials 5 
Graphite powder was purchased from Aladdin Ltd. (China). Kimwipes® tissue paper and 6 
Scott® facial tissue were purchased from Kimberly-Clark (Australia). Hybond® blotting 7 
paper was obtained from GE Healthcare Life Sciences (Australia) and Advantec® filter paper 8 
was acquired from Advantec MFS, Inc. (Japan). Sodium nitrate (NaNO3) was purchased from 9 
Sigma-Aldrich (USA), and 30% hydrogen peroxide (H2O2), potassium permanganate 10 
(KMnO4), 32% hydrochloric acid (HCl) and 98% sulfuric acid (H2SO4) were purchased from 11 
Chem-Supply (Australia). L-ascorbic acid was obtained from BDH Chemicals (Australia). 12 
Alginic acid sodium salt (alginate; Medium viscosity ≥ 2000 cP) was sourced from Sigma-13 
Aldrich (USA). 14 
 15 
2.2. Synthesis of GO 16 
Modified Hummer’s method was used to synthesize GO from graphite as previously reported 17 
[41]. Briefly, 150 ml concentrated sulfuric acid and 2 g graphite was placed in a beaker and 18 
stirred on ice, followed by gradual and successive addition of 1.0 g sodium nitrate, and 5 g 19 
potassium permanganate over a period of 1 h with vigorous agitation. The reaction system 20 
was subsequently kept at room temperature (RT; 25 °C) for 5 days with constant stirring, 21 
after which 300 ml 5% sulfuric acid solution was added, followed by heating at 90 °C for 2 h. 22 
After cooling to RT, 10 ml 30% hydrogen peroxide was added to the mixture and stirred for 1 23 
h. Metal ions in the resultant mixture were removed by repeated washing and centrifugation 24 




centrifugation with water (6 x 200 ml). Further purification of the mixture was performed by 1 
one week dialysis (molecular weight cut-off: 14,000 Da), during which water was changed 2 
twice a day. 4.5 mg/ml GO aqueous dispersion was prepared by adjusting the concentration 3 
of graphite oxide and 5 h ultrasonication, under a power of 50 W and frequency of 40 kHz 4 
(Unisonics cleaner, Australia). The prepared dispersion was found to be stable for more than 5 
half year. 6 
 7 
2.3. Fabrication of paper substrates 8 
Kimwipes® and Scott® tissues, Hybond® blotting paper, and Advantec® filter paper were 9 
tested as substrates for G-C paper fabrication. The papers were precisely cut to 1 cm x 1 cm 10 
size using a laser cutter (ULS PLS6MWLaser Engraver). 10, 30 or 50 μl of 4.5 mg/ml GO 11 
aqueous dispersion was deposited onto a paper substrate, which was subsequently overturned 12 
several times using tweezers for uniform GO deposition. For each coating cycle, which can 13 
be repeated as required, almost all the applied GO solution is absorbed. The resultant GO-14 
coated tissue paper was placed on a glass slide and dried at 100 °C for 2 min using a hotplate, 15 
and then reduced in 50 mM L-ascorbic acid solution at 80 °C for 3 h [42], followed by drying 16 
again at 100 °C on a hotplate.  17 
 18 
2.4. Scanning electron microscopy 19 
A JEOL JSM-6490LV Scanning Electron Microscope (SEM) was employed to characterise 20 
the morphology of synthesized RGO and graphene-coated papers. SEM imaging of papers 21 
with cells was performed by first fixing samples with 3.7% paraformaldehyde (PFA) for 30 22 
min followed by immersion in liquid nitrogen (LN2) for 30 s. 23 
 24 




Raman spectra of synthesized GO and RGO were measured with a 632.8 nm excitation laser 1 
(power: 13.5 mW and exposure time: 10 s) and 300-lines mm-1 grating by using Jobin Yvon 2 
Horiba HR800 Raman spectrometer. 3 
 4 
2.6. X-Ray photoelectron spectroscopy 5 
SPECS X-ray Photoelectron Spectroscopy (XPS) was used to characterize surface chemical 6 
states of synthesized GO and RGO with a SPECS PHOIBOS 100 Analyser. Measurements 7 
were conducted in a high-vacuum chamber (base pressure was maintained less than 10-8 8 
mbar) using Al Kα (1486.6 eV) X-ray source operated with a power of 120 W and high 9 
voltage of 12 kV. XPS scans were performed with pass energy of 20 eV in fixed analyser 10 
transmission mode. Synthesized GO was prepared as films by casting GO aqueous dispersion 11 
on glass slides and dried prior to characterization. RGO film was obtained via reduction of 12 
GO film by L-ascorbic acid. CasaXPS2.3.16 software package was used for obtained XPS 13 
data analysis. 14 
 15 
2.7. Mechanical analysis 16 
Tensile tests of G-C paper and uncoated cellulose (U-C) paper were conducted on rectangular 17 
samples in triplicate (total length: 15 mm, gauge length: 10 mm, width: 5 mm, thickness: 0.05 18 
mm, Fig. S1) using a Universal Mechanical Tester (Shimadzu EZ, Japan).  19 
 20 
2.8. Electrical resistivity analysis 21 
G-C paper sheet resistance was measured by four-point probe system (Jandel RM3, UK), 22 
with every test point measured in triplicate. 23 
 24 




Human ADSCs (Lonza, Australia; seeded at 2x104 cells per cm2) were cultured in Gibco 1 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% foetal bovine serum 2 
(FBS), 1% penicillin-streptomycin, 1% Non-Essential Amino Acids (NEAA) solution, and 1 3 
ng/ml basic fibroblast growth factor (bFGF) in a humidified incubator at 37 °C with 5% CO2 4 
atmosphere. For ADSC differentiation, cells were cultured for 4 weeks in growth medium 5 
supplemented with 50 μM L-ascorbic acid-2-phosphate, 10 nM dexamethasone and 10 mM 6 
β-glycerophosphate after being seeded on the scaffolds [43]. For both stem cell culture and 7 
differentiation, media were changed every 2 days.  8 
 9 
2.10. ADSC-encapsulation in alginate and lamination with paper substrates 10 
ADSC-laden alginate was prepared by suspending cells in 1% (w/w; prepared with ADSC 11 
growth medium) alginate at a density of 1 x 106 cells per ml. Multilayered laminate 12 
constructs were created by deposition of 30 μl ADSC-laden alginate onto the upper surface of 13 
each layer of G-C or U-C papers (planar size: 1.0 cm x 1.0 cm) and assembled to form a stack. 14 
Constructs were then doubled over by folding at the midline, lightly compressed, and the 15 
alginate crosslinked by immersion in 2% (w/w) CaCl2 solution for 30 s. 16 
Cylinder shaped constructs were formed from G-C paper (planar size: 1.0 cm x 1.0 17 
cm) coated with 1% (w/w) alginate, tightly rolled to form a cylinder and again, the alginate 18 
crosslinked by immersion in 2% (w/w) CaCl2 solution for 30 s.  19 
For characterisation, as-fabricated constructs were transected using a surgical blade 20 
for cross-sectional image-based analysis using a Leica M205A stereomicroscope. In addition, 21 
further characterisation of constructs by, for example, Live/Dead ADSC Analysis (see below) 22 
was performed by unfolding the constructs.   23 
 24 




Calcein AM (5 μg/ml; Thermo Fisher, Australia) and propidium iodide (PI; 1 μg/ml; Thermo 1 
Fisher, Australia) were used to identify live and dead cells respectively according to the 2 
manufacturer’s instructions. Briefly, samples were incubated with Calcein AM and PI at 37 3 
oC for 30 min, followed by a media change. Images were acquired using an AxioImager 4 
microscope (Zeiss, Germany).  5 
 6 
2.12. ADSC proliferation analysis 7 
PrestoBlue (Thermo Fisher, Australia) cell viability reagent was used to quantitatively 8 
determine ADSC proliferation according to the manufacturer`s instructions. Samples were 9 
analysed using a microplate reader (POLARstar Omega, Germany) at Ex/Em = 544/590-10 10 
nm for fluorescence intensity. 11 
  12 
2.13. Alkaline phosphatase assay 13 
Alkaline phosphatase (ALP) activity was quantified by ALP activity assay (Biovision, USA) 14 
according to the manufacturer’s instructions. Briefly, study samples were incubated with 300 15 
μl assay buffer for 30 min followed by 0.5 mM substrate solution for 30 min at 25 °C under 16 
light-proof conditions. Fluorometric analysis was performed at Ex/Em = 360/440 nm, using a 17 
microplate reader.  18 
 19 
2.14. Alizarin Red S assay 20 
Alizarin Red S assay was used to demonstrate mineralization associated with osteogenic 21 
differentiation of ADSCs [44]. Study samples were fixed in 3.7% paraformaldehyde/PBS 22 
solution for 30 min, rinsed in Milli-Q water, stained with 0.6 % Alizarin Red S solution at pH 23 
4.2 for 20 min at RT, followed by several rinses with water. The stained samples were soaked 24 




which a 25 µl aliquot of the elute was diluted 1:7 with the same solvent. The obtained 1 
solution was transferred to the well of a 96-well plate and screened with a microplate reader 2 
at 535 nm absorbance.  3 
 4 
2.15. Statistical analysis 5 
All values are presented as mean ± standard deviation (SD), unless otherwise specified. 6 
Statistical analyses were performed in OriginPro 2015 using two-way ANOVA with 7 
Bonferroni`s post-hoc test. Homogeneity of variance tests (Brown-Forsythe Test) were 8 
performed to confirm the statistical assumptions for two-way ANOVA performing were 9 
satisfied. Where homogeneity of variance was met (P > 0.05), statistical significance of two-10 
way ANOVA was set at P < 0.05, whereas failure to satisfy equal variance (P < 0.05) 11 
required increased stringency of two-way ANOVA with statistical significance set at P < 12 
0.01. 13 
 14 
3. Results and discussion 15 
3.1. Characterisation of RGO and GO  16 
The microstructure and morphology of RGO were investigated by SEM (Fig. 2A, B). SEM 17 
revealed wrinkled RGO sheets and formation of layers [45]. The lateral dimension of the 18 
RGO sheets typically ranged from 100 to 300 µm. Raman spectra demonstrate two typical 19 
carbon material related bands D (∼1330 cm−1) and G (∼1580 cm−1) (Fig. 2C; Fig. S2A). The 20 
D band is a reflection of disorders and defects in the graphene structure, while the G band is 21 
attributed to the degree of graphitization [46]. Meanwhile, band 2D (~2630 cm-1) of RGO had 22 
increased compared with GO, indicating improved graphitization of RGO after chemical 23 




were ~1.11 and ∼1.56 respectively, indicating defects introduced during GO synthesis and 1 
reduction of GO to RGO [47]. Synthesized GO and RGO principally comprised carbon and 2 
oxygen elements, with C/O ratio increased from 0.96 to 1.09, indicating removal of oxygen 3 
containing groups after chemical reduction (Fig. S2B-C). XPS confirmed the presence of 4 
oxygen-containing functional groups on GO and RGO (Fig. 2D; Fig. S2D). The C 1s spectra 5 
were deconvoluted into five peaks, which are ascribed to C=C (sp2 bonded carbon, 284.8 eV), 6 
C-C (sp3 bonded carbon, 285.6 eV), C-O (epoxy/hydroxyl, 286.8 eV), C=O (carbonyl, 287.8 7 
eV) and O-C=O (carboxyl, 289.1 eV). Reduction with L-ascorbic acid increased oxygen-free 8 
carbon content from 37.0 % to 71.9 %.  9 
 10 
3.2. Optimisation of fabrication and characterisation of graphene-cellulose paper 11 
Graphene can be uniformly deposited onto a variety of paper substrates with different 12 
microstructures and geometry via a single coating process, indicating that the coating method 13 
is broadly applicable (Table 1; Fig. 3A-D). Predictably, the amount of GO solution used for 14 
fabrication correlated with substrate volume, with relatively less GO required to coat thinner 15 
tissue types such as Kimwipes® compared to thicker Hybond® paper. Therefore, for 16 
practical purposes, subsequent studies were limited to Kimwipes® tissue paper. 17 
Coating Kimwipes® tissue paper with different concentrations of GO and numbers of 18 
GO coatings was undertaken to determine optimal paper morphology and conductivity. 19 
Firstly, comparing between papers with the same number of GO coatings, a higher GO 20 
concentration was associated with a lower electrical sheet resistance. Interestingly, paper with 21 
a single coating or 2 or more coatings of 4.5 mg/ml GO dispersion had a similar or lower 22 
electrical sheet resistance respectively to paper with 5 coatings of 1.5 mg/ml GO dispersion 23 




~390 Ω/sq (Fig. 3E, blue asterisk), while 5 coatings produced a sheet resistance of ~300 Ω/sq. 1 
This observation is consistent with previous published findings and can be explained by 2 
enhanced uninterrupted conductive pathways with increasing GO concentration resulting in 3 
greater RGO per graphene-coated layer for higher intrinsic conductivity [48].  Regardless of 4 
the number of immersion coatings with 4.5 mg/ml GO dispersion, the resultant papers all 5 
exhibited a uniform outer layer while maintaining the original substrate surface morphology 6 
(Fig. 3F). These findings support the potential application of the paper for its electrical 7 
conductivity, with three-times 4.5 mg/ml GO coated papers chosen for subsequent 8 
experiments, applying a GO loading ratio of ~6.2% (w/w). 9 
The influence of GO coating on the mechanical strength of U-C paper was investigated 10 
by measuring tensile stress. After coating, the yield strength of U-C paper increased 76.5% 11 
(Fig. 3G). The increased strength may be due to the intrinsic strength of the graphene and 12 
maintenance of the mechanical integrity of cellulose fibres [32]. Moreover, the graphene 13 
paper had Young's modulus of 44.2 MPa, which was 36.4% higher than the value for U-C 14 
paper. 15 
 16 
3.3. Characterisation of 2D ADSC support and differentiation on graphene-cellulose paper  17 
Initial studies of the cytocompatibility of G-C paper indicated better ADSC support compared 18 
to U-C paper. Notably, a higher live cell density was apparent on G-C paper compared to U-19 
C paper (Fig. 4A, B), consistent with previously reported graphene-based cell culture 20 
substrates [23]. Assessment of ADSCs by SEM showed extended filopodia of cells directly 21 
attached to the RGO coated fibres of paper (Fig. 4C).  22 
Statistical analysis of ADSC proliferation on G-C and U-C papers over a period of 7 23 
days revealed a significant effect of day (F (3, 40) = 205.05, P<0.0001) and material (F (1, 24 




way ANOVA, F (3, 40) = 23.72, P < 0.0001). Specifically, Bonferroni-post hoc analysis 1 
revealed that ADSC proliferation on G-C paper vs U-C paper was significantly different (P < 2 
0.01), and each time point over the 35 day period was significantly different (P < 0.01). For 3 
both G-C paper and U-C paper, ADSC proliferation reached significantly higher on day 7 4 
compared to day 1 of culture, with growth peaking at day 21 followed by a decrease (Fig. 5 
5A). The decrease measured at day 35 is consistent with contact inhibition as cell cultures 6 
reach confluence. Inhibition of cellular growth, division and motility is characteristic of 7 
mammalian cells when in close contact with each other. Remarkably, G-C paper was 8 
associated with higher cell proliferation than U-C paper from day 21 onwards. Augmentation 9 
of growth with G-C paper is consistent with previous reports of graphene based cell support 10 
[49]. For example, Wang et al. (2016) demonstrated pristine graphene had a positive impact 11 
on ε-caprolactone scaffolds to support ADSC viability and proliferation, in a dose dependent 12 
manner [49].  Although the properties of graphene-based materials that confer cell support 13 
remain to be determined, relevant to the present study, GO may increase biomaterial surface 14 
hydrophilicity and afford a more favorable surface topography for cell adhesion [50-52]; 15 
being a critical regulator of cell signal transduction, migration, proliferation and other cellular 16 
processes.  17 
Osteogenic differentiation of ADSCs was tested by measuring ALP as an essential 18 
enzyme and early marker for ossification and Alizarin Red S staining for calcific deposition. 19 
Both indicate the presence of cells of an osteogenic lineage associated with bone. ALP 20 
expression was found to be increased on G-C paper vs U-C paper (Fig. 5B), which is 21 
consistent with previous reports of graphene promoting stem cell osteogenic differentiation 22 
[22, 23]. Statistical analysis revealed there was a significant effect of day (F (3, 40) = 8.81, 23 
P<0.0001) and material (F (1, 40) =7.59, P < 0.01), as well as the interaction between day 24 




Bonferroni-post hoc analysis revealed that ALP expression of ADSCs on G-C paper vs U-C 1 
paper was significantly different (P < 0.01) over the entire 7 day period, and ALP expression 2 
of ADSCs was only significantly different at day 1 vs days 3 and 5, and at day 3 vs day 7 (P 3 
< 0.01). Interestingly, ALP expression of ADSCs peaked at day 3 for both G-C paper and U-4 
C paper, although the peak value of ALP expression for cells on G-C paper was 53.1% higher 5 
than cells on U-C paper. ALP expression of ADSCs for G-C paper at day 3 increased by 6 
181.6% compared to Day 1. The early expression and subsequent decline in ALP levels are 7 
consistent with the role of ALP in the initial phases of bone development, being among the 8 
first functioning genes expressed in the process of calcification, including osteoblastic 9 
differentiation, followed by decreased function and downregulation [53].   10 
Alizarin Red S staining was evaluated after ADSC culture for 4 weeks on G-C paper 11 
and U-C paper in stem cell growth medium or differentiation medium. Statistical analysis 12 
revealed there was a significant effect of medium (F (1, 20) = 714.56, P<0.0001) and material 13 
(F (1, 20) =23.49, P < 0.01), as well as the interaction between medium and material (Overall 14 
two-way ANOVA, F (1, 20) = 22.97, P < 0.0001). Specifically, Bonferroni-post hoc analysis 15 
revealed that mineralisation on G-C paper vs U-C paper was significantly different (P < 16 
0.01), and with different medium (P < 0.01). Not surprisingly, relatively low levels of 17 
mineralisation were detected for ADSCs on either substrate in stem cell growth medium, 18 
while relatively high levels of mineral deposition were measured for differentiated cells (P < 19 
0.05; Fig. 5C-G). Importantly, significantly greater mineralization was detected for 20 
differentiated cells on the G-C substrate compared with U-C substrate (41.4% higher; Fig. 21 
5C, D, F; F (1, 20) = 22.97, P < 0.0001), again consistent with a previous report of graphene 22 
supporting stem cell osteogenic differentiation [54].  23 
Taken together, data for planar 2D ADSC culture and differentiation indicate the as-24 




and potentially catalytic for bone healing and bone engineering. While, the mechanisms 1 
underlying graphene’s osteoinductive potential remain unspecified, evidence for the 2 
noncovalent binding of bone inducing agents in cell culture medium by graphene substrates 3 
[19], together with optimal mechanical and topographical properties, as well as surface 4 
hydrophilicity as a critical determinant of extracellular protein interactions, are likely 5 
important [54].  6 
 7 
3.4. Fabrication and characterisation of ADSC support and differentiation in 3d laminate 8 
structures 9 
Cross-section analyses of 3D laminate constructs comprising G-C papers and ADSC-laden 10 
alginate confirmed a layered configuration, with alginate hydrogel effectively bonding 11 
assembled G-C papers (Fig. 6A-B). Inspired by origami-method [40], the structures can be 12 
prepared with many layers of ADSC-laden alginate and G-C paper (Fig. 6C), as well as 13 
folding and rolling, and are amendable to characterisation by unfolding and unrolling (Fig. 14 
6D). Accordingly, constructs comprised viable cells with ADSCs clearly evident at the 15 
hydrogel-paper interface immediately after fabrication (Fig. 6E, F), and continuing at high 16 
density following 42 days culture (Fig. 6D). Moreover, the constructs remained intact and 17 
without any apparent structural deformation, indicative of their durability for longer term 18 
application. 19 
Analysis of ADSC proliferation over a period of 7 days indicated a significantly 20 
higher rate of cell growth for 3D G-C constructs compared to 3D U-C constructs or ADSC-21 
laden alginate on 2D U-C paper from the fifth day of culture onwards (Fig. 6G). Statistical 22 
analysis revealed there was a significant effect of day (F (3, 60) = 148.38, P<0.0001) and 23 
material (F (2, 60) = 104.76, P < 0.0001), as well as the interaction between day and material 24 




analysis revealed that ADSC proliferation on all constructs was significantly different 1 
compared to each other (P < 0.01), except for days 7 and 5, whereas over the entire 7 days, 2 
ADSC proliferation on 2D U-C paper was not significantly different to 3D U-C constructs (P 3 
< 0.01).  While ADSC proliferation plateaued for 3D or 2D U-C samples between days 3 and 4 
5, declining by day 7, it increased for the duration of study for 3D G-C constructs (Fig. 6G).  5 
Assessment of ALP expression by differentiating ADSCs supported osteogenic 6 
induction for all samples, although at each time point tested the expression was highest for 7 
3D G-C constructs indicating enhanced osteogenesis (Fig. 6H).  Statistical analysis revealed 8 
there was a significant effect of day (F (3, 60) = 42.28, P<0.0001) and material (F (2, 60) = 9 
59.17, P < 0.0001), but not the interaction between day and material (Overall two-way 10 
ANOVA, F (6, 60) = 1.33, P = 0.254). Not surprisingly, for all samples ALP expression was 11 
highest on day 1 but gradually decreased over time, similar to previously described G-C 12 
paper studies. To reiterate, during natural bone development ALP is expressed early in the 13 
process of calcification, including osteoblastic differentiation, followed by decreased function 14 
and downregulation [53]. 15 
Early onset of mineralisation through ADSC differentiation was additionally 16 
supported by Alizarin Red S staining of 3D G-C and 3D U-C constructs, as well as 2D U-C 17 
paper samples (Fig. 6I; Fig. S3A-F). Statistical analysis revealed there was a significant effect 18 
of medium (F (1, 30) = 4.98, P < 0.05) and material (F (2, 30) = 6.94, P < 0.05), but not the 19 
interaction between medium and material (Overall two-way ANOVA, F (2, 30) = 0.12, P = 20 
0.89). Importantly, similar to ALP studies, highest calcification was evident for 3D G-C 21 
constructs under differentiation conditions. 22 
Altogether, studies of our G-C laminate structures demonstrated 3D human ADSC 23 
support and differentiation. Like 2D G-C paper-based culture, 3D G-C constructs sustained 24 




behaviour and function within natural tissue, our 3D constructs may be useful for in vitro 1 
modelling of human bone development and regeneration, including ossification and 2 
mineralisaton.  Moreover, the ability to prepere different configurations of our constructs by 3 
folding and rolling make them potentially amenable as bone patches and plugs to facilitate in 4 
vivo osteogenesis for bone healing following injury.      5 
 6 
4. Conclusion 7 
The exceptional properties of graphene-based biomaterials make them attractive for tissue 8 
engineering and regenerative medicine. Our fabricated G-C paper minimally combines the 9 
mechanical properties of inexpensive cellulose tissue paper and microscale topographical 10 
features superimposed by RGO coating for human ADSC adhesion, growth and 11 
differentiation; the latter evidenced by osteogenic induction. Significantly, we have 12 
demonstrated enhancement of stem cell culture and differentiation using both 2D and 3D G-C 13 
paper configurations. While we have described the application of the paper for in vitro cell 14 
support and tissue engineering, it is conceivable that it could be used as an implantable 15 
biomaterial to support cells in vivo for tissue (in particular bone) regeneration. Furthermore, 16 
although not presently tested, the paper’s low resistivity is indicative of it being electrically 17 
conductive for possible electrical stimulation of cells in research and prospective therapeutics 18 
[55].  19 
The material can be prepared by simple immersion-deposition of tissue-paper substrates 20 
in GO dispersion with reduction to RGO using a non-toxic and non-hazardous reducing agent 21 
(L-ascorbic acid). The method is broadly amenable to a variety of paper substrates with 22 
different geometries, supporting its versatility. In particular, our hybrid cellulose-based 23 
graphene-coated paper using Kimwipes® tissue paper may be a useful platform to facilitate 24 




other tissues. By further exploiting material modification such as surface micropatterning and 1 
folding to fabricate 3D conductive cell laden constructs, we believe that this material holds 2 
potential for a wide range of applications in biomedical research, tissue engineering and 3 
regenerative medicine. 4 
 5 
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Fig. 1. Assembly of graphene-cellulose paper. 1 





Fig. 2. Characterization of RGO. (A, B) SEM image of RGO structure at low and high 2 








Fig. 3. Characterization of uncoated through to graphene-coated papers (A) Kimwipes® 1 
tissue paper, (B) Scott® facial tissue paper, (C) Hybond® blotting paper and (D) Advantec® 2 
filter paper. From top to bottom: photo images of uncoated papers, GO-coated papers, RGO-3 
coated papers and SEM images of RGO-coated papers. (E) Sheet resistance of graphene-4 
coated Kimwipes® tissue (G-C) paper with different concentrations of GO solution and 5 
number of GO-coatings. (F) SEM images of surface morphologies of G-C paper following 6 
different numbers of GO-coatings (1-5) using 4.5 mg/ml GO solution. (G) Mechanical testing 7 
of G-C paper and U-C paper at 10 mm/min under ambient conditions.  8 






Fig. 4. Survival of ADSCs on G-C paper. (A, B) Live (Calcein AM; green) and dead (PI; red) 3 
ADSC staining following culture for 7 days on G-C paper and U-C paper respectively. (C) 4 
SEM image of ADSCs on G-C paper.  5 





Fig. 5. ADSC proliferation and differentiation on G-C paper. (A) Time course of live 2 
(PrestoBlue® cell viability indicator) ADSCs up to day 35 of culture (a.u.: arbitrary units; 3 
Two-way ANOVA, F (3, 40) = 23.72, P < 0.0001; Bonferroni post hoc, P < 0.01 (G-C paper 4 
days 1-35 vs G-C paper days 1-35; U-C paper day 1 vs U-C paper days 7, 21, and 35; U-C 5 
paper day 7 vs U-C paper day 21; G-C paper day 21 vs all comparisons)). (B) ALP activity of 6 
ADSCs on the G-C paper and U-C paper at 1, 3, 5 and 7 days following differentiation (Two-7 
way ANOVA, F (3, 40) = 5.13, P < 0.01; Bonferroni post hoc, P < 0.05 (G-C paper day 1 vs 8 
G-C days 3 and 5; G-C paper day 3 vs U-C paper days 1, 5, and 7; G-C paper day 5 vs U-C 9 
paper day 7)). (C) Quantitative analysis of mineralization by Alizarin Red S assay after 4 10 
weeks differentiation of ADSCs on G-C and U-C papers. Images of Alizarin Red S staining 11 
for G-C paper-based samples maintained in (D) differentiation medium (DF medium) and (E) 12 
growth medium (GR medium), and U-C paper-based samples maintained in (F) 13 
differentiation medium and (G) growth medium (Two-way ANOVA, F (1, 20) = 22.97, P < 14 
0.0001; Bonferroni post hoc, P < 0.01 (G-C paper or U-C paper, DF medium vs G-C paper or 15 







Fig. 6. Formation of 3D constructs by lamination, folding and rolling of G-C paper with 2 
ADSC-laden alginate. Cross-sectional photomicrographs of (A) folded, and (B) folded and 3 
rolled cylindrical laminate constructs. (C) Schematic of a multilayered 3D laminate construct, 4 
depicting cells embedded in alginate between layers of G-C paper. (D) Live (Calcein AM; 5 
green), and dead (PI; red) ADSC staining of unfolded laminate construct after 42 days 6 
culture. (E, F) SEM of an ADSC-laden laminate construct following 1 day culture (cells are 7 
highlighted with red circles) at low and high magnification. (G) Time course of live 8 
(PrestoBlue® cell viability indicator) ADSC content for 3D G-C folded constructs, 3D U-C 9 
folded constructs and 2D U-C paper up to day 7 of culture (Two-way ANOVA, F (6, 60) = 10 
38.83, P < 0.0001; Bonferroni post hoc, P < 0.01 (3D G-C paper day 5 and day 7 vs all 11 
comparisons; 3D U-C paper day 5 and day 7 vs 3D U-C paper day 1; 2D U-C paper day 3 12 
and day 5 vs 2D U-C paper day 1 and day 7)). (H) Time course of ALP activity following 13 




constructs and on 2D U-C paper. (I) Assessment of mineralization by Alizarin Red S assay 1 
after 3 weeks ADSC culture (in growth medium) or osteogenic differentiation (in 2 
differentiation medium) of ADSCs for 3D G-C cuboid constructs, 3D U-C cuboid constructs 3 
and on 2D U-C paper. Mean ± SD, n=3. 4 




Table 1. Evaluation of paper substrates and GO coatings  1 
Paper substrate Thickness (μm) 
Amount of GO solution 
per coating (μl) 
Kimwipes® tissue paper 51.6 10 
Scott® facial tissue paper 55.3 10 
Hybond® blotting paper 372.0 50 
Advantec® filter paper 208.0 30 
 2 
 3 
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Fig. S2. Characterization of GO. (A) Raman spectrum of GO film. XPS all elements survey 2 






Fig. S3. Images of Alizarin Red S staining of a (A) unfolded 3D G-C paper construct, (B) 2 
unfolded 3D U-C paper construct, and (C) 2D U-C paper maintained in ADSC differentiation 3 
medium, as well as a (D) unfolded 3D G-C paper construct, (E) unfolded 3D U-C paper 4 
construct, and (F) 2D U-C paper maintained in ADSC growth medium. 5 
 6 
 7 
